A membrane model, composed of phospholipid and cholesterol, is described. The electrical resistance and hydration of this model can be controlled by manipulation of ambient ions and by current in ways strongly remiiniscent of the behavior of living cells. The behavior of the model may resemble that of the membrane component of the cell. In addition, an interdependent, lipid-protein molecular structure may exist at the cell surface.
T HE ANNOUNCED TITLIE of our paper, "Further Studies on the Nature of the Excitable System in the Cell Surface," tells you the nature of the general area of our interest, but it does not tell you just what we are going to talk about. Therefore, I should like, at the outset, to give you a more precise idea of our subject. What we shall discuss first is the control of the resistance of a phospholipid-cholesterol membrane model by competition between calcium and potassium. We shall describe what we have done, what we know about mechanism, how the system responds reversibly to current flow in a way which may give us insight into the molecular underlay of excitation, and some other parallels between the model and living cells. Following this, we wish to draw attention to another matter which may, at this point, be of interest more to the chemist than to the physiologist, namely, an example of structural interdependence of lipid and protein in periaxoplasmic lamellae.
But before we do this, we want to put the work in proper perspective. We have asked a question, and over a period of several years we have made a number of approaches to answering it, of which this is the third. Let ine recapitulate briefly:
From the Department of Physiology, University of Chicago, Chicago, Ill. This work has been supported in part by a grant from the UTnited States Public Health Service and in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. Circulation, Volume XXVI, November 1962 Our interest is nore specifically in the nature of the structural events in the organic molecule which abruptly permit and then limit the transsurface ion movements classically associated with activity; stated somewhat differently, we are interested in the chemical names and physical state of the molecular-level structures in the nerve cell, the state of which at any moment defines or is synonymous with whether the cell is excited or at rest. Our first approach started with the assumption that if changes in ultrastructure, i.e., changes in molecular-level structure, occur with activity in nerve, they might be detectable, and once detected they might prove accessible to chemical identification. Experiments in three laboratories have, over a period of some years, shown that a variety of optically and mechanically detectable changes do in fact accompany activity in nerve.1-10 Let me indicate briefly one way in which these nonelectrical physical changes with activity can be interpreted. I will not detail the individual findings here, only interpret them.
Thus it is likely that the advancing, depolarizing end of the nerve impulse produces increased hydration accompanied by spatial dispersion of molecular-level structural units in the cell surface. This would be the change in state which has classically been thought of as a permeability increase and which permits the sodium and potassium fluxes to increase. On the other hand, the trailing, recovering, repolarizing end of the nerve impulse probably is accompanied by local dehydration TOBJAS, AGIN, PAWLOWSKI with recondensation of mnolecular-level structure. In addition, we know that nerve impulses are accompanied by changes in opacity, in diameter, in rigidity, in axoplasmie flow, and in surface contour and that the walking leg nerve of the Carcintus crab undergoes a reversible shortening with activity.6 Indeed, one may wonder whether or not nerve is simply muscle with the mechanical response much attenuated or, contrariwise, whether muscle is nerve with the mechanical change much amplified.
Chemical identification of the mnolecules involved in these changes has not gotten very far, however, and the unearthing of m-ore and more chenlically umicharacterized, physical concomitants of activitv is not too satisfving. In this context, however, the experiments we will describe today suggest that reversible changes in the degree of hyvdration of neuronal surface phospholipid could underlie the physical changes noted above, as well as excitationi.
But before cominig to these experiments, we tried a second approach wlhieh was just the reverse of the first. Instead of saying, as before, "Let us look for structural changes with activity, aiid onee finding them let us analyze them chemieallv.' we turned the miiatter around and said, "Let us produce in the axonal surface some molecular-level structural change whose chenlical name we know beforehand. Let us do this bv using enzymes as dissecting instruments. When, in this way, we have produded a structural change in a known substrate molecule or class of molecules, let us then simultaneously mnonitor the axon electrophysiologically to see the funetional consequences of sueh a kniowin, molecular-level structural change, and let us also examine the axon electron mieroseopieally to see the mieroanatonmieal locus which has beemi detectably altered. " These three classes of observations are made on the saine cell.7 1Ii3 In this second framework, let mne tell you what has beeni concluded after exposing axons to proteases or to phospholipases. Again I shall not distinguish interpretation from data. The proteases penetrate into the axoplasm, thus of necessity passing the plasma membrane, and as they do so they hydrolyze certain peptide bonds. This very much weakens the axon mechanically, and the polypeptide fragments hang together only tenuously. However, the axon remains functional, and such parameters as threshold, conduction velocity, resting and action potentials, and nembrane resistance and capacity are virtually unchanged. Therefore, certain destructive ehanges in axonl surface-protein lanmellae are tolerable as far as electrophysiological func-tioIn is coneerned. Phospholipases A or C, which hydrolyze the phospholipid molecule at two different sites, penetrate into the axoplasmi also, and thus they too mnust pass through the plasma menmbrane. As they do so, they hydrolyze phospholipid with the result that mono-and diglyceride fragments agglomerate into hydrophobic colloidal particles, randomly distributed among the periaxoplasmic lamellae. In this ease, the proteinlayer of these lamellae remains intact, but it is seen by electron microseopy to be greatly distorted and stretched out (see also p. 1149). Treatment with digitonin, which also disrupts the lipid component, vields the same results. And contrary to the situation after protease treatment, now after either the phospholipases or digitonin the axon becomes inexcitable and the resting and action potentials, membrane capacity, and membrane resistance fall to immeasurably low levels. Therefore, contrary to the situation for protein, the integrity of periaxoplasmic lamellar phospholipid is mandatory for maintained electrophysiological function. Now then, let us go on to the third approach. Phospholipid-Cholesterol Membrane Model:
Effects of Ions and of Current Flow
In the first approach we looked for changes in structure with activity. In the second we looked for changes in activity with known changes in strueture. In the third we have tried to manufacture a system which will enable us to examine more directly the dynamic properties of cell membrane constituents. Circulation, Volume XXVI, November 1962 We make four assumptions: 1. The excitable system in the cell surface contains phospholipid.
2. The excitable system in the cell surface contains calcium, associated with phospholipid acidic groups.
3. Unbinding of calcium will lead to structural and hydration changes.
4. Unbinding of the calcium will permit the changes in transsurface ion fluxes characteristic of activity.
May I restate a hypothesis which we made in 1958,11 namely, that ". . . a fundamental event in excitation is probably . . . displacement of calcium by (catelectrotonically outward moving) potassium from binding to a negatively charged site on a structural molecule in the cell surface, and . . . one likely candidate for the negatively charged site of attachment of the calcium is the phosphate oxygen in (cephalin) the latter probably being incorporated in a (cephaloprotein) complex in the cell membrane."
With this in mind, we now supply evidence that the electrical resistance of a mixed cephalin-cholesterol barrier can indeed be controlled, in some respects as that of the cell can be, by manipulation of the ambient calcium or potassium concentration. This finding is in accord with the original hypothesis as summarized above and also suggests, as has now been found, that the system, properly arranged, will exhibit a response to current flow suggestive of that observed upon stimulation of the living cell.
Perhaps it is justifiable to imagine that such experiments on the model are equivalent to exploring the properties of a unit of cell surface, i.e., one molecular species which has been removed en bloc for study in pure culture outside of the cell. This may then permit assigning certain cell properties to one of its constituent chemical parts. The arguments justifying this approach are detailed elsewhere. 19 The model is made by dipping a millipore filter disc in a benzene solution of equimolar cholesterol and cephalin, the latter, in this case, being mainly phosphatidyl serine. The Circulation, Volume XXVI, November 1962 benzene is evaporated, and the dry disc is clamped as a membrane between two chambers. The chambers are fitted with electrodes leading to a Wheatstone bridge for measurement of resistanice and capacity at 5,000 c.p.s. At this time, we shall report only on the resistaluce data, all given in ohms per square centimeter of barrier. The absolute ohmic values are not yet taken very seriously. Controls show the millipore to be unimportant except as a support. The solutions used have been KCl, NaCl, and CaCl2. Unless otherwise specified, the same material is in both vessels. Beginning experiments with a pure, synthetic cephalin indicate that the effects we describe depend on this material and not on any contaminants.
The first observation is that, if only cholesterol is on the barrier, then the resistance is over 100,000 ohms, coneeivably in the megohm range, as none of the solutions used wets the barrier. The second observation is that this resistance can be lowered and made controllable by adding phospholipid to the cholesterol. If the barrier is now made of a mixture of cephalin and cholesterol, then the resistance is low in KCl or NaCl, about 10 per cent higher than that of these salts in free solution, but it is very high with CaCl2, 300 to 700 per cent of what it is in free solution. Also, in 0.1M KCl or NaCl the steady-state resistance value is achieved in a few seconds, whereas 2,000 or more seconds are required in 0.5M CaCl2. As might be expected from this, when the barrier is returned to KCl or NaCl from CaCl2 solution, the low resistance level characteristic with the monovalent salts solutions is reached with a delay, indicating that some of the CaCl2 is held on the barrier and requires time to be removed. Now , having compared the effects of the three salt solutions, each at 100 mneq. per liter, we may consider what happens to resistance of the barrier as a function of concentration or as a function of mixing the salts. First of all, as we increase the concentration of KC1 or NaCl alone from zero upwards, the barrier resistance falls to a few ohms as soon as sufficient ions, less than 5 mM., are present to carry current. In CaCl2 too the resistance falls as concentration increases from zero, but in this case it falls decrementally from a value of inore than 700 ohms at 5 mM., and it levels off at some 300 to 500 ohms. Presumably the resistance-lowering effect of adding current carriers, ions, is balanced by a specific action of calcium, and the resistance of the barrier is increased. Now Finally, if we start with the barrier in 0.1M KCI or NaCl, the resistance is very low, but now if we add CaCl2, even though the resistalice of the medium falls due to the incerease in salt concentration, the resistance of the barrier rises. Thus, we see that the resistance of this barrier to KCI or to NaCl, i.e., the permeability, can be controlled by CaCl,. We need not point out the similarity of this phenomenon to comparable control in nerve.14 '-We have not yet investigated the concentration relations in detail, but the barrier resistance seems to depend on the ratio betweeii calcium and monovalent cation, not on their absolute concentrations. Now, apropos mechanism: If the resistance rise with calciumn is due to its combination with lipid acidic groups on the barrier, and it is difficult to see where else the calcium could go, then it should be sensitive to pH. This is in fact the case, and a curve relating resistance of the barrier in a fixed composition medium (CaC12 : KCl :: 0.05M: 0.1M) to pH, adjusted by adding small amounts of HCl or KOH, shows inflections and a plateau at the same pH values as does a titration curve for phosphatidyl serine reconstructed from literature pK values. Thus, the supposition that the rise in barrier resistance due to Ca is somehow related to combination with the acidic groups on phosphatidyl serine is supported by this experimient. Now we may ask how combination of Ca with the lipid acidic groups raises resistance.
W\e have two experiments which show that
such combination with Ca dehydrates and with K rehydrates the barrier, and this pheniomenon may be intimately related to the resistance changes. Also, it will be recalled that similar hydration changes occur with cells. 13, 1G-18 In this context we find that direct mneasurement shows the barrier water conitent to be higher after immersion in KCl than after immersion in CaCl2. Also, the barrier is seen to be soft and spongy after KCl (as are axons at a cathode or on immersion in KCl) and is seen to be hard, dry, and conpaet after immersion in CaCl2 (as are axons at an anode). Secondly, we find the barrier to be mnore hydrophobic after exposure to CaClb. Thus, bits of barrier are submerged in KCl or CaCl2 solution, above which floats a layer of mineral oil. After a time the pieces are raised up into the oil bv a foreeps and are then released. They silnk to the interface and there make a choice of preferred milieu. Those presoaked in KCl descend into the water. Those presoaked in CaC12 remain in the oil. This is reversible by resoaking the material in the opposite medium. Now, whether the change in hydration affects resistance by virtue of there being more or fewer waterways to serve as ion conduits, or whether both phenomena are a consequence of an ion-exchange device which makes more or fewer negatively charged sites available for sequential occupation as stepping stones for the moving ions, we do not know.
It should also be mentioned that if such hydration changes also occur in the phospholipid of the cell surface as a consequence of activity or exposure to ions, this could explain the light scattering, dimensional, rigidity, and surface contour changes seen in nerve.7 10 One other matter is worthy of attention: We now mount a barrier with 100 meq. KCl on one side and 100 meq. CaCl2 on the other. We still have the resistance-measuring electrodes in place, but we now also have another pair, submerged in the solutions, to be used for applying current pulses across the membrane. Circtlation, Volume XXVI, November 1962 If we make the KCl side positive for 2 to 3 seconds, the resistance falls and rises again when the current flow is stopped, and the opposite is true if we make the CaCl2 side positive. We have not yet examined this behavior with very short pulses, but it should be interesting. Obviously, we must also look for rectification, for transbarrier potential changes, and for effects on ion fluxes. No threshold or triggering effect has yet been observed.
Up to here then the work may be summarized as follows:
1. A cephalin-cholesterol membrane model has been described which responds reversibly to Ca and K in ways which are, to a degree, comparable to similar responses of cells. Relatively rapid resistance changes in response to current flow are also demonstrable.
2. The effects are apparently mediated by the phospholipid acidic groups and are coincidental and probably causally related to changes in hydration and in wettability.
3. One may speculate that cells regulate their transsurface ion pathways and fluxes by K-Ca competition for negatively charged binding sites on plasma-membrane phospholipid. This is equivalent to the statement in the original hypothesis that a fundamental event in excitation is displacement of Ca from such a site by K.
4. Perhaps the phospholipid in the plasma membrane should be looked upon as being there to provide an ion conduit of gradable and temporally modifiable resistance. With cholesterol alone, the resistance would be fixed and uselessly high. With protein alone it might be fixed at a uselessly low level.
An Example of Structural Interdependence of Lipid and Protein in Periaxoplasmic Lamellae
It has been argued before7' 11 that displacement of Ca by K from some phospholipid binding site in the cell surface might produce a change in permeability by permitting a secondary change in structure of surface lamellar protein. As it is visualized, this hypothesis requires that (a) there be some sort of binding between lipid and protein in the Circulation, Volume XXVI, November 1962 excitable structure of the cell surface and that (b) the geometries of these two components must be interdependent, i.e., that a change in configuration of the protein moiety will lead to some change in the geometry of the lipid attached to it, and this in turn will permit the changes in ion fluxes which are characteristic of activity. The first requirement seems usually to be taken for granted, though there is no rigorous evidence for it. The second is seldom paid any attention.' 1'
The purpose of these remarks is to direct attention to one observation1' that explicitly supports the notions that periaxoplasmic lamellae are indeed lipoprotein and l-hat the geometry of the protein component depends, in part at least, upon the state of the lipids. The possibly more important dependenee of lipid geometry on protein structure has not yet been demonstrated.
The completely isolated giant axon of the lobster nerve cord, under moderate tension in ordinary sea water, is treated with phospholipase C. The seemingly trivial conditions of complete isolation and mild tension may be important for the results to be described. The enzyme produces inexcitability, disappearance of resting and action potentials, and a fall of membrane resistance and capacity. This treatment also results in the appearance of highly refractile small particles, apparently within the periaxoplasmic sheath region, which seem to be randomly distributed ag-glomel7ates of diglyceride residues resulting from the phospholipase hydrolysis of phospholipid.
The axon is then fixed and stained with osmic acid and is examined electron microscopically. The following interpretation has been made of the findings:
1. Randomly distributed, electron-dense, irregular particles seen in the periaxoplasmic sheath remnants are thought to be the osmiumstained agglomerates of refractile diglyceride residues mentioned above.
2. Lamellae, intact and still present in the periaxoplasmic sheath region, are greatly stretched and distorted and are thought to be the remaining protein component, somehow reoriented after release and removal of phospholipid.
Aniother finding which snpports the argument that the distorted laimellae remiaining after phospholipase treatment are protein is the following: Axons treated with protease exhibit no noticeable mnechainical resistance to penetration by a miieroelectrode and. after fixation and embedding, are seen by electron mieroseopy to have completely fragmnented surface lamellae. After phospholipase-C treatmnent, however, where there is no reason to believe that any proteolysis took place, in addition to there being unfragniented remeaining lamellae the axon is as resistant nmechanically to microelectrode penetration as is the normnal control.
These consequences of phospholipase-C treatmenit are more or less faithfnllv reprodnced by exposure to digitoniii, which precipitates cholesterol and some phospholipid.
These findings theni are interpretable as meaning that phospholipid and protein are indeed associated in the periaxoplasmic lamellae and that hydrolysis of the lipid permits tangential spreading of its protein coinpanion.
